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ABSTRACT: This paper reports the results of an experiment to directly measure the time-resolved
scintillation signal from the passage of cosmic-ray muons through liquid argon. Scintillation light
from these muons is of value to studies of weakly-interacting particles in neutrino experiments and
dark matter searches. The experiment was carried out at the TallBo dewar facility at Fermilab using
prototype light guide detectors and electronics developed for the Deep Underground Neutrino Ex-
periment. Two models are presented for the time structure of the scintillation light, a phenomeno-
logical model and a composite model. Both models find τT = 1.52 µs for the decay time constant
of the Ar∗2 triplet state. These models also show that the identification of the “early” light fraction
in the phenomenological model, FE ≈ 25% of the signal, with the total light from singlet decays is
an underestimate. The total fraction of singlet light is FS ≈ 36%, where the increase over FE is from
singlet light emitted by the wavelength shifter through processes with long decay constants. The
models were further used to compute the experimental particle identification parameter Fprompt, the
fraction of light coming in a short time window after the trigger compared with the light in the total
recorded waveform. The models reproduce quite well the typical experimental value ∼0.3 found
by dark matter and double β -decay experiments, which suggests this parameter provides a robust
metric for discriminating electrons and muons from more heavily ionizing particles.
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1. Introduction
Liquid argon (LAr) is proving to be a sensitive and cost-effective detector medium for the study of
weakly-interacting particles in neutrino experiments and dark matter searches. Signals generated in
LAr by these particles’ interactions include ionization electrons from charged daughter particles,
which can be detected directly by a time projection chamber, or by photodetectors sensitive to
the scintillation light from excited states in argon. This paper reports on the properties of the
scintillation light generated by cosmic-ray muons in LAr using light collectors, photodetectors,
and readout electronics being developed for the Deep Underground Neutrino Experiment (DUNE).
As charged particles pass through LAr, they can excite or ionize argon atoms. When the
excited/ionized argon atom pairs with a neutral argon atom, it produces in an excited argon dimer,
which subsequently decays by emitting a scintillation photon. These scintillation processes are
described in Eq. (1.1).
Ar∗+Ar→ Ar∗2→ 2Ar+ γ, (1.1a)
or
Ar++Ar→ Ar+2
Ar+2 + e
−→ Ar∗2→ 2Ar+ γ. (1.1b)
In both processes the decay of the dimer results in the emission of a vacuum ultraviolet (VUV)
photon within a narrow wavelength band centered at 128 nm.
The argon dimer Ar∗2 can be excited to either a singlet (1Σ+u ) or a triplet (3Σ+u ) state and the
scintillation photons from these two states cannot be easily distinguished from one another spec-
troscopically. The mean lifetime of the singlet 1Σ+u state is τS ≈ 6 ns (“early” light); the triplet 3Σ+u
state is significantly longer-lived, with τT ≈ 1.5 µs (“late” light) [1, 2]. The primary objectives of
this investigation are to make a precision measurement of τT for cosmic-ray muons and to charac-
terize the relative fraction of early light to late light that they produce. Since cosmic-ray muons are
expected to behave like minimum ionizing electrons in LAr, the results reported here for muons
might be more generally applied to electrons.
Scintillation light will be useful in the analysis of experimental data from LAr detectors in
many ways. For experiments with a time-projection chamber, the leading edge of the light pulse
from the singlet decay provides sub-mm accuracy in the reconstruction of the absolute position
of the event along the drift coordinate. For underground neutrino detectors, scintillation light can
provide a trigger for proton decay, supernova neutrinos, and atmospheric neutrinos. For both neu-
trino and dark matter experiments, scintillation light will prove useful for particle identification.
This comes about because highly ionizing particles create a higher local density of electrons than
cosmic-ray muons, which induce more singlet decays. The larger fraction of singlet to triplet de-
cays differentiates highly ionizing particles from muons and contributes information useful to the
rejection of cosmic-ray spallation backgrounds [3].
Detecting the VUV scintillation photons from LAr in large neutrino detectors like DUNE is
technically challenging because of the difficulty in detecting the VUV photons efficiently. Since
significant photocathode coverage of the detector is expensive, several alternative technologies
have been proposed to collect the scintillation light. One of those technologies is used in the
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experiment described here to collect and analyze LAr scintillation light. With this prototype DUNE
technology VUV photons are collected on the surface of a light guide. Once these photons penetrate
a short distance into the light guide, they are converted into the optical by embedded wavelength
shifter. These optical photons are then channeled to photosensors at the end of the light guide. This
technology can be made practical because LAr is a copious source of scintillation light, producing
tens of thousands of VUV photons per MeV along a track [4], and pure liquid argon is transparent
to its own scintillation light.
First the experimental design is described in §2 and operating conditions are described in
§3. Details of the various experimental subsystems are provided in §4. The system’s response to
scintillation light from LAr is then described in §5. Next the results of the analysis are presented
in §6 and §7, and their interpretation is discussed in §8.
2. Experimental Design
The experiment took place in the 460 liter liquid argon dewar “TallBo” at the Proton Assembly
Building (PAB) at Fermi National Accelerator Laboratory (FNAL) from November 18 through
December 5, 2014. The experimental apparatus consisted of four prototype DUNE photon detector
(PD) modules immersed in LAr on a custom paddle mount suspended from the lid. A PD module
is made up of light guides that capture and convert VUV scintillation photons into the optical,
and then channel the optical photons to silicon photomultipliers (SiPMs) at one end. The SiPMs
were read out by prototype DUNE electronics. Hodoscope paddles were placed on either side of
TallBo, and were used used to generate coincidence triggers that guarantee the events read out
passed through the dewar and to provide basic track information.
Fig. 1 shows a schematic of the experiment on the left. Four PD paddles are hung in a custom
frame inside the dewar. Two hodoscope trigger paddles, each consisting of an array of PMTs and
a sheet of scintillator plastic, flank the dewar. Data used in this analysis were acquired with the
hodoscopes as shown in the left panel of Fig. 1. A representative cosmic-ray muon trajectory
from a hodoscope trigger is superposed. On the right is a photograph of the TallBo dewar and the
hodoscope trigger paddles.
This experimental apparatus was primarily designed to compare the relative performance of
several different prototype DUNE photon detector technologies in LAr. For those studies the com-
parisons were made using both triggered events and “free run” or self-triggered events. In this
investigation, however, the experimental apparatus was repurposed to make a precision measure-
ment of τT and to characterize the relative fraction of early light to late light for cosmic-ray muons.
For these studies only a subset of the triggered events were used – those in the lower left PD
module, hereafter LLM. There are no events in the dataset from the PD paddle in the upper left
in Fig. 1 because the hodoscopes were never deployed in the high-high configuration. Events in
the upper right PD paddle and the lower right PD paddle were also excluded from the analysis.
The intent here is to determine the properties of the scintillation light from a dataset with as few
systematic uncertainties as feasible. The SiPMs in the upper right PD paddle had all been ther-
mally cycled many times before the experiment and were quite noisy. In the lower right there was
only one light guide (3 SiPMs) which was paired with a prototype hybrid fiber array. Both these
prototype light guides were read out by a second digitizer with somewhat different operating char-
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Figure 1. Left: A drawing of the experimental apparatus. Four photon detector modules in a custom frame
are housed in the TallBo dewar. Adjacent hodoscope trigger paddles flank the outside of the dewar. A
representative triggered cosmic-ray muon trajectory is superposed. Only triggered events in the lower left
PD module, LLM, are used in the analysis. Right: A photograph of the TallBo dewar with the hodoscope
modules.
acteristics. Although the data from the upper and lower right PD modules were excluded from the
main analysis, data collected from the 7 functional SiPMs in the upper right PD paddle and the 3
SiPMs on the light guide in the lower right PD paddle were analyzed independently. As described
below, the results found are consistent with those in the primary analysis.
3. TallBo Operations
To prepare for a run, the dewar was first evacuated by a turbo pump to help reduce contamination
from residual gasses and then back-filled with gaseous argon. The gaseous argon was next replaced
with ultra-high-purity (UHP) LAr that passed through a molecular sieve and copper filter on the fill
line that had been regenerated just prior to the run. The contaminants that most affect LAr scintil-
lation light are O2, N2, and H2O, which can both quench scintillation light and decrease the argon
transparency at 128 nm [3]. UHP LAr is typically delivered with low levels of these contaminants,
and the regenerated filtering apparatus is very effective at further removing O2 contamination. In
addition, studies at the Materials Test Stand (MTS) in PAB showed that the light guides do not
outgas measurable O2 and only 2-3 ppb of H2O when submerged in LAr. The MTS does not test
for outgassing by N2. Tests at the MTS have also shown that the Teflon-jacketed cables do not
outgas contaminants.
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The O2, N2, and H2O concentrations were monitored during the run. They could not all be
monitored continuously, however, because the O2 and N2 monitors cannot sample from the LAr
volume simultaneously. Although the O2 and H2O monitors can operate simultaneously, in practice
the H2O monitor was often needed for the adjacent MTS. Since O2 does not outgas significantly
from the components, it was only sampled at the beginning, middle, and end of the run. The H2O
was sampled at the middle and end of the run. The N2 was monitored when the O2 and H2O were
not being monitored.
The O2 contamination was found to be ∼40 ppb when sampled for 18–24 hr at the beginning
and middle of the run. At the end of the run, after the O2 monitor had been continuously operating
for 3 days, the O2 contamination leveled off at ∼40 ppb. At concentrations <100 ppb, the effects
of O2 contamination on scintillation light in LAr are negligible [5]. The N2 contamination from
day 2 – day 7 ranged from ∼80–190 ppb. From day 8 – day 14 the N2 contamination leveled off
at ∼80 ppb. At these concentrations, the N2 does not affect the scintillation light [3, 6]. On 11/25
the H2O contamination was measured to be ∼8 ppb. From day 15 – day 18 the H2O concentration
leveled off at ∼5 ppb. The effects of H2O contamination on LAr scintillation light are not well
studied. Measurements in gaseous argon [7], however, show that the neither the fast nor the slow
component of scintillation light is significantly affected by H2O contamination below 10 ppb. It is
presumed here that the H2O concentration in this experiment does not affect our results.
Once filling was complete, the vessel was sealed and subsequently maintained at a positive
internal pressure of 10 psig to ensure no contamination entered the dewar from the outside during
the run. A liquid-argon condenser on TallBo reliquified gas from the ullage and returned it to the
dewar in order to maintain a constant liquid level inside. Since only cables and connectors were in
the ullage, no contamination should be introduced when reliquifying the LAr.
4. Experiment Subsytems
4.1 Hodoscope Paddles and Trigger
Two hodoscope modules were installed on opposite sides of the TallBo dewar to select single-track
cosmic-ray muons passing through the LAr volume. These hodoscope modules were loaned from
the CREST balloon-based cosmic-ray experiment [8]. Each hodoscope module consists of 64 2-
inch diameter barium-fluoride crystals, coated with TPB and arranged in an 8×8 array. Each crystal
is monitored by a single PMT.
Since the hodoscope modules were designed to detect bremsstrahlung photons from high-
energy electrons bending in the Earth’s magnetic field, they are very sensitive to extraneous photon
activity around our experiment. To reject these γ showers, a pair of plastic scintillator panels
covering the entire face of a hodoscope module were placed between each hodoscope module and
the TallBo dewar. These panels were each individually read out by a PMT. The SiPM readout was
triggered by four-fold coincidence logic that required at least one hit in both hodoscope modules as
well as one hit in their adjacent scintillator planes. This trigger guarantees that each event contains
at least one charged particle passing through the liquid argon. Events were further filtered offline
to reject showers by requiring one and only one hit in each hodoscope module. Single-track events
crossing from one side of the frame to the other were rejected in order to exclude any tracks that
could pass through a light guide.
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4.2 Light Guides
The experiment was carried out with the four light guides in the lower left of Fig. 1. A schematic
drawing of a light guide with its photosensors is shown in Fig. 2. The light guides are manufactured
from cast acrylic or polystyrene bars of dimensions 50.8 cm × 2.54 cm × 0.6 cm that have wave-
length shifter (WLS) embedded in them. The concept is described in Ref. [9]. The wavelength
Figure 2. Schematic of a light guide with 3 SiPMs on one end. VUV scintillation photons impinging on the
light guide surface are converted by the WLS into visible photons inside the bar, which then propagate down
the light guide via total internal reflection. The photons that reach the readout end are detected by the SiPM
array with high efficiency.
shifter converts VUV scintillation photons to ∼430 nm photons inside the bar, with a reasonable
efficiency for converting a VUV to an optical photon [10]. A fraction of the waveshifted optical
photons are internally reflected to the light guide’s end where they are detected by SiPMs whose
QE is well matched to the 430 nm waveshifted photons. The light guides were made with one of
two wavelength shifters: the conventional TPB (1,1,4,4-tetraphenyl-1,3-butadiene) and the less ex-
pensive alternative bis-MSB (1,4-bis-(o-methyl-styryl)-benzene). Preliminary studies with a VUV
monochromator show that the two wavelength shifters compare favorably in their waveshifting
efficiency [11]. Similar results are found here.
The light guide designs used in this experiment are given in Table 1. Two different processes
were used for incorporating the wavelength shifter into the light guides – “dip-coating” and “dop-
ing.” In addition, two different wavelength shifters – TPB and bis-MSB – were used in manufac-
turing the light guides. Below is a brief description of the two processes used to manufacture the
light guides.
Table 1. Light guide designs in LLM.
Light Guide Technology WLS
A acrylic, dip-coated TPB
B acrylic, dip-coated bis-MSB
C acrylic, doped bis-MSB
D polystyrene, doped TPB
“Dip-Coating”: Light guides A and B were produced using a dip-coating technology developed
at MIT [9] as an alternative to hand-painting, although the process used here differs in several
ways. The light guides were made from blanks of commercially available Lucite-UTRAN cast
UVT acrylic sheet that was laser-cut into bars of the proper size. Lucite-UTRAN has the longest
attenuation length of the UVT acrylics tested [12]. Before the wavelength shifter was applied, the
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acrylic bars were annealed at 80◦C for one hour. To embed the WLS in the light guide, either TPB
or bis-MSB was first dissolved in the organic solvent dichloromethane (CH2Cl2). For light guides
A and B there were 2 gm of wavelength shifter dissolved in 1,000 gm of dichloromethane (DCM).
The bar was dipped into the WLS mixture for 15 seconds and then removed. The bar was then
hung in the dark for at least two hours to dry. Once dry, the ends of the bars were flycut.
“Doping”: Light guides C and D were cut from a sheet of acrylic or polystyrene cast with TPB or
bis-MSB mixed into the plastic. The doped acrylic sheets were manufactured by Astra Products1.
The polystyrene sheets were manufactured by Eljen Technology2. The sheets had either 1% TPB
or 1% bis-MSB by mass added during their respective proprietary casting processes, which dis-
tributes WLS throughout the volume. If more than 1% of either wavelength shifter is added, WLS
crystallizes out and degrades the light guide’s performance. Since VUV photons have a very short
penetration depth in acrylic, this manufacturing method uses far more WLS than necessary. (The
penetration depth of 128 nm photons in polystyrene is < 100 nm, as estimated from Ref. [13], and
it is expected that polystyrene and acrylic have similar absorption in the VUV.) On the other hand,
light guides function more efficiently when their surfaces are flat and the casting process results
in very flat surfaces, which is a mitigating factor if the prime consideration is efficiency for the
detection of VUV photons.
4.3 Photodetectors and Photodetector Readout
At the end of each light guide are 3 SensL MicroFB-60035-SMT SiPMs3. Each SiPM has an active
area of 6×6 mm2. They are made up of an array of 18,960 microcell photodiodes, each of which is
35 µm on a side, and the microcell filling factor on the chip is 64%. The SiPMs are reverse-biased
at 24.5 V.
The operating characteristics of these SiPMs have been determined by the manufacturer3 down
to 230 K. For operation in LAr, the SiPMs need to be characterized at 87 K. Since these measure-
ments require SiPM dark spectra, the SiPMs were read out while immersed in liquid nitrogen
(LN2). The dark measurements were made in LN2 rather than LAr because LN2 does not scin-
tillate, so no systematics are introduced by scintillation light from cosmic-rays or radioactive im-
purities. The 10 K difference in temperature between LAr and LN2 is not expected to impact the
results.
The signals from the 12 SiPMs in the LLM were processed by a 12-channel SiPM Signal
Processor (SSP) module that was designed and built by the HEP Electronics Group at Argonne
National Laboratory (ANL) for the DUNE photon detection system. Each of the readout channels
consists of a differential voltage amplifier and a 14-bit, 150 MSPS ADC that digitizes the signals
with negligible dead time. The ADC has a full-scale dynamic range of 2 V, corresponding to
approximately 1000 photoelectrons (pe’s) at a typical SiPM gain of 3.5×106. The amplifier input
impedance is 100 Ω with an overall digitizer gain of 1850 V/A. Each ADC count is equivalent to
2V/214× (18.5 V/V )−1 = 6.60×10−3 mV. The SSP was designed to resolve single pe pulses and
achieves a resolution of 18% FWHM.
1http://astraproducts.com
2http://www.eljentechnology.com
3sensl.com
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An FPGA in the SSP implements an independent data processor for each channel. The pro-
cessing includes a leading edge discriminator to detect events, amplitude analysis algorithms for
measuring the peak and the integral of the waveform, a pulse pileup detection algorithm, and a
constant fraction discriminator. The bin width of each sample is 6.67 ns. Internal studies have
shown that this readout system is capable of better than 3 ns timing resolution.
Fig. 3 shows dark spectra acquired in 300 s with the SSP for one instance of a SensL MicroFB-
60035-SMT SiPM in LN2, the SiPM on light guide A in position 1, SiPM A-1. The SiPM
was biased at Vb = 24.5 V. The prompt amplitude histogram shows the average signal in the
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Figure 3. Dark spectra for the prompt signal and the integrated signal (inset) for the SensL MicroFB-60035-
SMT SiPM A-1 in LN2. The prompt amplitude is the average signal in the first 133 ns of the waveform. The
integrated signal has been calibrated to charge in pC. The excellent single-pe resolution and the linearity of
the response are apparent.
first 133 ns (20 bins) of the waveforms for the dark events. The inset histogram gives the inte-
grated charge in the waveforms over their full range. Both histograms show the excellent single-
microcell resolution and the linearity of the response for this SiPM. The integrated charge in
each waveform is determined by first summing the waveform amplitude (in ADC counts) over
the N × 6.67 ns time bins in the waveform, where typically N = 580. The integrated charge
collected in the waveform is calculated by converting this sum (s) to charge (c), by c [pC] =
s× (6.60×10−6 [V/ADC count])/100Ω× (6.67×10−9 s)/10−12.
The gains for the SiPMs were determined by dividing the mean integrated charge in the 1 pe
peak in their dark spectra by the charge of an electron. The gains for the SiPMs at Vb = 24.5 V in
the LLM are given in Table 2. The dark noise rates for the SiPMs in the LLM were determined
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Table 2. Dark noise characteristics of SiPMs in LLM in LN2 at Vb = 24.5 V.
SiPM Gain Noise Cross-Talk Rise Time Recovery Time
[Hz] Probability [ns] [ns]
A-0 3.5×106 11 0.17 13 484
A-1 3.6×106 9 0.21 12 483
A-2 3.6×106 9 0.18 13 494
B-0 3.5×106 9 0.22 11 460
B-1 3.6×106 8 0.19 14 491
B-2 3.5×106 10 0.19 14 502
C-0 3.4×106 8 0.22 13 492
C-1 3.6×106 10 0.20 12 473
C-2 3.5×106 8 0.18 11 449
D-0 3.6×106 8 0.19 13 468
D-1 3.5×106 9 0.22 13 479
D-2 3.5×106 8 0.22 13 491
mean 3.5×106 9 0.20 13 481
st.dev. 6.5×104 1 0.02 1 16
from their dark spectra by summing the number of triggers with prompt amplitudes ≥ 0.5 pe
and dividing the sum by the 300 s data acquisition time. For SiPM A-1 in Fig. 3, where 0.5 pe
≈ 0.05 mV, the noise rate is 11 Hz. The dark rates for the remaining SiPMs are given in Table 2.
At LN2 temperatures, these SiPMs clearly have very low noise rates. As the bias voltage increases
to Vb = 28.5 – 29 V, the noise rate increases to ∼100 Hz. Above Vb ≈ 29 V, the noise rate begins
to rise exponentially, reaching ∼1 kHz at Vb = 31 V. For this experiment, the SiPMs were biased at
24.5 V, where the gain is high but before the noise rate has begun its rapid rise.
The cross talk probability given in Table 2 is computed as the ratio of triggers with integrated
charge ≥ 1.5 pe to triggers with integrated charge ≥ 0.5 pe. Cross talk events occur when a photon
emitted during the electron avalanche in one pixel is re-absorbed by another pixel elsewhere on
the SiPM and induces a second avalanche in immediate coincidence with the first. The definition
of cross talk used here also includes events which occur on a time scales of less than a few tens
of nanoseconds when electrons migrate from one avalanche into a neighboring pixel and induce
after-pulsing, a second avalanche in delayed coincidence with the first. Studies of similar devices
from a different manufacturer[14] suggests the 5 µs dark noise waveforms in Fig. 5 include almost
all after-pulsing events. The cross talk (and after-pulsing on short time scales) probability at 77 K
is ∼2–3 times greater than its value at room temperature3.
The SiPM response to incident photons is a rapid rise to a maximum value followed by an
exponential relaxation back to the baseline. The rise and recovery times of the SiPMs in Table 2
were measured using the average response to dark noise events in LN2 (described in detail in
§ 5.2.1). For each SiPM, an error function was fit to the rising edge and an exponential function is
fit to the tail (t > 300 ns). The rise time was defined as the difference in time between the points
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where the error function takes on values of 10% and 90% of its maximum. The time constant of the
exponential function describes the SiPM recovery time. Although the SiPMs have fast rise times
like PMTs, they exhibit a much longer recovery time.
5. Scintillation Light from Cosmic-Ray Muons
5.1 Cosmic-Ray Muon Waveforms and the Illumination Function
Fig. 4 shows an example of a waveform from a single-track cosmic-ray muon in the LLM of TallBo
as viewed by SiPM A-1. It is the convolution of the time sequence of scintillation photons incident
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Figure 4. An example waveform generated by the scintillation light from a single-track cosmic-ray muon
in the LLM of TallBo. This hodoscope-selected track was recorded by SiPM A-1. The waveform is the
superposition of the multi-photon pulse from early light and the subsequent few or single-photon pulses
from the late light convolved with the detector’s single-pe response function. The leading edge of this
waveform is the sum of approximately 20 single-pe pulses.
on the light guide, or the “illumination function”, with the response function of the detector. Qual-
itatively, the illumination function for this waveform is made up of an early, multi-photon pulse
arriving within the first few ns, which is then followed by a number of single or few photon pulses
that stretch over more than 10 µs. Since an SiPM is made up of 18,960 microcells, the probability
of near-simultaneous photon hits on a single microcell is quite small. Therefore, this waveform
can be regarded as the superposition of a series of single photon hits on random microcells, each of
which is convolved with the detector’s single photoelectron response function. This approximation
is adopted in the analysis that follows.
Like the waveform in Fig. 4, all the waveforms studied here consist of 1950× 6.67 ns samples,
with the first 300 pre-trigger samples (2 µs) used to determine the baseline. The start time of the
event, t0 = 0, is the arrival time of the sharp leading edge of the early-light photons.
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5.2 Determination of the Mean Illumination Function
The objective of this investigation is to find the illumination functions characterizing the scintil-
lation light from cosmic-ray muons in LAr for the different light guides studied here and then
to build models that best describe the behavior of these functions. Let w(ti) be the amplitude of
the pedestal-corrected waveform in time bin ti from a single track cosmic-ray muon event, as in
Fig. 4. This waveform represents the convolution of the illumination function, i(ti), with the single
photoelectron response function, fpe(ti),
w(ti) = fpe ∗ i. (5.1)
In this equation, fpe(ti) includes the effects of cross talk and after-pulsing associated with each
photoelectron.
The exact waveform seen by an SiPM varies from event to event and depends on both the path
length and orientation of the muon track in the dewar. Our assumption is that the detector response
to scintillation of the liquid argon can be deduced from the mean pedestal-subtracted waveforms
for the ensemble of N waveforms seen by the the SiPMs. For SiPM k, the mean pedestal-subtracted
waveform, 〈wk(ti)〉, is given by
〈wk(ti)〉=
N
∑
j=1
wkj(ti)/N, (5.2)
Since each SiPM k has its own single photoelectron response function, the analysis has been carried
out separately for each SiPM. Further, cross talk and after-pulsing are stochastic processes, so the
analysis was done with the mean single photoelectron response function, Fkpe(ti) ≡ 〈 fpe(ti)〉. The
mean illumination function on SiPM k, Ik(ti)≡ 〈ik(ti)〉 is found by deconvolving
〈wk(ti)〉= Fkpe ∗ Ik. (5.3)
5.2.1 Mean Single Photoelectron Response Function
Fig. 5 shows the superposition of the waveforms for all LN2 dark noise triggers recorded by SiPM
A-1 in 300 s of data acquisition. Each digitized dark noise waveform consists of 900 samples,
which includes 150 pre-trigger samples. The total waveform is 6 µs long. The inset figure shows
the mean single photoelectron response function, FA-1pe (ti), used in Eq. (5.3) to find the mean illu-
mination function for SiPM A-1. It was computed from this set of waveforms by averaging the
contents in each time bin using using the ROOT4 class TProfile. Mean single photoelectron re-
sponse functions have been computed in a similar way for the remaining 11 SiPMs in the LLM.
These mean single photoelectron response functions represent the mean response of the SiPM to a
single photon hit.
5.2.2 Mean Cosmic-Ray Muon Waveform
Fig. 6 shows the superposition of all waveforms from single-track cosmic-ray muons recorded by
SiPM A-1 in the LLM of TallBo that pass the four-fold coincidence and offline single-track selec-
tion cuts. The inset shows the mean cosmic-ray muon waveform, 〈wA-1(ti)〉, which was computed
4http://root.cern.ch
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Figure 5. All dark noise triggers for SiPM A-1 in 300 s of data acquisition. inset: The mean single pe
response function, FA-1pe (ti) for all dark noise triggers in SiPM A-1.
by averaging the contents in each time bin for all the waveforms using using the ROOT class TPro-
file. The mean single photoelectron response function, FA-1pe (ti), is deconvolved from the mean
waveform 〈wA-1(ti)〉 to find the mean illumination function IA-1(ti).
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Figure 6. The superposition of all cosmic-ray muon waveforms w(ti) in the LLM of TallBo. These
hodoscope-triggered waveforms were recorded by SiPM A-1. The mean waveform 〈wA-1(ti)〉 derived from
the cosmic-ray triggers is shown in the inset. The response of liquid argon to cosmic-ray muons, or the mean
illumination function Ik(ti), is obtained by deconvolving the mean single photoelectron response function
from the mean cosmic-ray muon waveform.
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The mean cosmic-ray waveforms for the remainder of the SiPMs in the LLM were computed
and analyzed in a similar way. More than 35,000 single cosmic-ray muon tracks were used to
construct the mean waveform for each of the SiPMs.
5.2.3 Deconvolution Procedure
The deconvolution of the mean single photoelectron response function from the mean cosmic-ray
muon waveform uses the data for the mean response function FA-1pe (ti), e.g. (Fig. 5,inset), with the
Gold deconvolution algorithm implemented in the ROOT TSpectrum class to obtain the 12 time-
dependent profiles of incident scintillation photons Ik(ti). Each mean illumination function Ik(ti)
represents the time-resolved structure of the signal from a cosmic-ray muon incident on the SiPM
k.
Fig. 7 shows the deconvolved IA-1(ti) for all single track waveforms recorded by SiPM A-1.
Statistical uncertainties were obtained from ten pseudo-experiments in which the bin contents of
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Figure 7. The deconvolved time-dependent profile of incident scintillation photons Ik(ti) for all single track
waveforms recorded by SiPM k = A-1. Ik(ti) is shown for the full waveform and for the first 300 ns in the
inset.
〈wk(ti)〉 and Fk(ti) were varied randomly according to their standard deviations. Each of these
pseudo-experiments was deconvolved in the same manner as the mean cosmic-ray waveforms and
the resulting standard error on Ik(ti) was assigned as the statistical uncertainty.
6. Results
A phenomenological model has been developed to describe the behavior of the illumination func-
tions that is based on a sum of exponentially modified Gaussian (EMG) functions. The time depen-
dence of the scintillation signal should be well approximated by a sum of exponential probability
distributions with various amplitudes and lifetimes. To incorporate the smearing effects due to
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detector resolution and the few-ns WLS response, a Gaussian function is convolved with the ex-
ponential response. The EMG function, E , is the convolution of these Gaussian and exponential
probability density functions [15] and is given by
E (t;τ,w, tm) =
1
τ
× exp
[
1
2
(w
τ
)2
−
(
t− tm
τ
)]
× 1
2
[
1+ erf
(
z√
2
)]
, (6.1)
where
z =
(
t− tm
w
− w
τ
)
.
In this function, w is the width of the Gaussian, tm is the Gaussian mean, and τ is the parameter
characterizing the exponential falloff from the peak. The error function component of this normal-
ized function accounts for the rapid rise in the illumination function. The functional dependence
on exp(−t/τ) accounts for the exponential fall-off.
A single EMG function can adequately characterize the rapid rise in the illumination function.
It cannot, however, provide a satisfactory fit to the long tails in the illumination functions, an
example of which is seen Fig. 7 where the structure in the tail is apparent. For SiPM k, the n-
component model for its illumination function is given by
Ik(ti) =
n
∑
j=1
A j E j(ti;τkj ,w
k, tkm), (6.2)
where the A j are normalization constants, the parameters w and tm that describe the functional rise
are constrained to common values for all the components, and the parameters τkj that model the
exponential fall-off is free to take different values for each of the components. There are 2n+2 fit
parameters in this model for each SiPM k.
The fits were performed using MINUIT in ROOT. They were carried out over a range of 10 µs
for light guides A, B, and C. For light guide D, where the statistics were more limited in the final
microsecond, the fits were carried out over a range of 8.5 µs.
6.1 Multi-Component Models for the Illumination Functions
The de-excitation of the Ar∗2 dimer has two decay components, a fast “early light” signal from sin-
glet state decays and a slower “late light” signal from triplet state decays. The simplest model for
the illumination functions Ik(ti) is therefore one with two components. The fits for two-component
models, however, all resulted in values of χ2/NDF between 4.8 – 6.7 for the SiPMs. These χ2/NDF
values show that two-component models are not adequate to describe the behavior of the illumina-
tion functions.
Next, three and four-component models for the illuminaton functions were investigated. For
the SiPMs on the acrylic light guides A, B, and C, four-component models were necessary for
χ2/NDF < 1. These models are parameterized by an early light (“E”) component, an intermediate
light component (“I”) component, a late light (“L”) component, and a fourth (“4”) component with
a long time constant (> 6 µs). These models have 10 fit parameters – four amplitudes A, four decay
constants τ , and the two Gaussian parameters w and tm. For the SiPMs on the polystyrene light
guide, the fourth component has an amplitude consistent with zero and three component models
gave acceptable fits. These models have 8 fit parameters. The detailed results of these fits for each
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Figure 8. The illumination function Ik observed by SiPM 1 for light guides A, B, C, and D. The multi-
component fits are superposed in red. In addition, each component is shown separately: green for the early
“E” component, orange for the intermediate “I” component, magenta for the late, “L” component, and cyan
for the fourth “4” component. For SiPM D-1, the amplitude of the fourth component is consistent with zero.
SiPM are given in the tables in Appendix A. The statistical errors on the fit parameters are assigned
by MINUIT.
Fig. 8 graphically shows the fits for SiPM 1 on each of the four light guides superposed on
their respective illumination functions based on the model parameters given in Appendix A. This
figure shows that in addition to the expected contributions from the early and the late light, all
models require a contribution from an “intermediate” component that accounts for the illumination
function in the range 50 – 300 ns. Evidence for a signal from an intermediate component has
been previously reported [1, 2, 6, 16]. The SiPMs on the acrylic light guides A, B, and C also
require the fourth component which is absent in the SiPMs on the polystyrene light guide D. These
results suggest that the fourth component is related to the composition of the light guide and is
not associated with after-pulsing on microsecond time scales. After-pulsing is a property of the
photodetectors and would be expected on all light guides. In fact, there is no evidence in Fig. 8 for
after-pulsing on any time scale from tens of nanoseconds to 10 microseconds.
Table 3 gives the means of fit parameters for the three SiPMs on each light guide and their
standard deviations from the tables in Appendix A. . Listed in Table 3 are the lifetimes for the early,
intermediate, late, and fourth components of the illumination functions, along with the parameter
FE, a measure of the relative intensity of the early scintillation light component compared with the
total signal. Each of these parameters is discussed in turn below:
Early component lifetime (τE): The early component lifetimes found for light guides A, B, and
– 15 –
Table 3. Means of the fit parameters and their standard deviations for the 3 SiPMs on each light guide.
Light Guide τE [ns] τI [ns] τL [ns] τ4 [ns] FE [%]
A 4.4± 1.9 127± 10 1517± 38 6830± 1230 25.0± 2.7
B 4.8± 1.0 127± 11 1528± 39 6350± 910 23.6± 2.7
C 4.7± 1.3 104± 9 1527± 44 8120± 1620 27.1± 3.1
D 8.0± 1.0 130± 6 1524± 7 — 25.8± 2.1
C are consistent with one another and with values previously reported [1, 2, 6, 16, 17] for the
lifetime of the singlet Ar∗2 state. Light guide D has a statistically significant longer singlet lifetime.
The fact that light guide D is made from polystyrene and A, B, and C are made from acrylic
probably plays a role in this difference. Polystyrene is a known scintillator [18] and detectors
made with polystyrene doped with WLS (e.g. PPO, PTP, etc.) are common tools in particle physics
experiments. Such doped polystyrene scintillators have been shown to emit visible light with a two-
component structure including components with characteristic lifetimes in the range 6–27 ns [19].
If the decay constant associated with the combination of polystyrene and WLS in light guide D is
somewhat longer than τE found for light guides A, B, and C, as suggested in [20], this substructure
could not be distinguished with the time resolution of this experiment and a longer decay constant
for the early component would be measured.
Intermediate component lifetime (τI): The decay constants for the intermediate component found
here are longer than those reported in [1, 6]. Features with similar time scales to the intermediate
component have been reported in [2, 16]. Although it is not known whether this component is
the result of a physics process or is instrumental in origin, the variation in reported values and
discrepancy between light guide C and light guides A, B, and D here suggest an instrumental
explanation.
Late component lifetime (τL): The fit results are consistent with one another within a narrow range.
The lifetime of this component indicates that it is due to the decay of triplet Ar∗2 states in the LAr.
This result is the first direct measurement of the triplet state lifetime τL determined using cosmic-
ray muons. τL has been reported for electrons, γ’s, α’s and fission fragments, where measurements
range from 1.2–1.6 µs [1, 2, 5, 6, 16, 17]. The values for τL in Table 3 fall in this range. The e−
measurements in the literature for the most part do not have overlapping error bars, which makes
it challenging to assess whether τL for muons and electrons are consistent with one another, as
expected.
Fourth component lifetime (τ4): This component has not been previously reported. It is seen in
light guides A, B, and C, but not in light guide D. Its presence is clear in the deviation from an
exponential fall-off at t > 6 µs in the deconvolved illumination functions Ik for light guides A, B,
and C in Fig. 8). Since light guides A, B, and C are made from acrylic, while light guide D is made
from polystyrene, this component also appears to be instrumental in origin.
Early light fraction (FE): FE = AE/(AE+AI+AL+A4) for the light guides. The consistency of FE
in the four-component models suggests that FE is a property of the scintillation light from LAr and
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is independent of light guide technology. Since the fraction of Ar∗2 dimers excited to the singlet
state depends on the ionization properties of the incident particles, FE has been used as a parameter
distinguishing muons from more heavily ionizing particles in LAr [1, 2, 16]. This fraction is the
dominant contribution to the prompt signal experimenally observed.
6.2 Fits to All SiPMs
There were an additional 10 functional SiPMs that acquired track information during the exper-
iment but were excluded from the analysis because they were noisy or their data were acquired
with different electronics. Since this experiment was expected to reach its best precision with quiet
SiPMs and the same readout electronics, the results reported in Table 3 were obtained by using
only the high quality, restricted data set from the 12 SiPMs in Table 2. However, the data from
the excluded 10 SiPMs were also analyzed using the same methods as the primary data set as a
check for consistency with the results in Table 3. Seven of these additional SiPMs were mounted
on acrylic light guides and three were on polystyrene.
Fig. 9 shows histograms for the model fit parameters τE, τL, FE, and τI for the total set of
SiPMs. (For two of the SiPM models on an acrylic light guide, it was necessary to fix the lifetime
of the fourth component at the mean τ4 in Table 3 to find an acceptable fit.) Two histograms are
superposed for each fit parameter in Fig. 9, one for acrylic light guides (red) and one for polystyrene
light guides (blue). Also superposed on the histograms for τL, FE, and τI are the means for the
parameter computed from Table 3. The horizontal line through the mean gives the range of the fit
values from the tables in Appendix A.
Fig. 9 (a) shows a clear separation of τE that depends on the composition of the light guide. As
in Table 3, SiPMs on polystyrene light guides exhibit longer lifetimes associated with the early-light
component than SiPMs on acrylic. This difference is likely related to an additional wavelength-
shifting response associated with the doped polystyrene. Figs. 9 (b) and (c) show that the parame-
ters τL and FE exhibit no dependence on the composition of the light guides. These are parameters
measuring characteristics of liquid argon scintillation independent of the detectors. The means for
the high quality data in Table 3 reasonably represent an average value for all the SiPMs. Their
range shows that higher quality data does improve the confidence in the mean values. Fig. 9 (d)
shows that the lifetime of the intermediate state, τI, does not depend on the composition of the
light guides but nonetheless has a fairly broad distribution. Whether its origin is instrumental or
associated with scintillation from LAr is not clear.
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Figure 9. Histograms of the fit parameters τE, τL, FE, and τI for the total set of SiPMs, separated by
the composition of the light guide on which they are mounted. (a) early component lifetime, τE, (b) late
component lifetime, τL, (c) percent of early light to total light, FE, (d) intermediate component lifetime,
τI. Superposed on the histograms for τL, FE, and τI are the means for the parameters from Table 3. The
horizontal line through the mean gives the range of the fit values from Appendix A.
7. Composite Model Description for the Illumination Functions
The phenomenological models presented in §6.1 find early and late components of LAr scintillation
light that can be identified with the singlet and triplet decays from the Ar∗2 dimer. However, these
models leave unexplained the origins of the intermediate component seen in all the light guides
and the long ∼6.6 µs component found in the acrylic light guides. The phenomenological model,
therefore, has been recast into a "composite model" which proposes that the scintillation photons
from singlet and triplet decays of the Ar∗2 dimer excite multiple decay modes in the WLS. It is then
the convolution of the LAr emission function with the WLS response function that is used to fit the
illumination function Ik(ti).
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7.1 Composite Model Parameterization
The composite model is again based on EMG functions Eq. (6.1) since they have been shown to
provide an excellent description of the shape of the illumination functions Ik(ti). The composite
model for the illumination functions Ik(ti) is the convolution of two LAr scintillation modes and
nws WLS emission modes. In analogy with Eq. (6.2),
Ik(ti) = ∑
j=S,T
A j
nws
∑
l
fl
1
τl− τ j [τlE (ti,τl,w, tm)− τ jE (ti,τ j,w, tm)] , (7.1)
where the superscripts k on the variables Akj, f
k
l , τ
k
j , τkl , w
k, tkm have been suppressed for clarity. The
j-sum includes the singlet and triplet state Ar∗2 decays. The l-sum runs over the number of WLS
emission components, nws. The parameters fl are the fractions of visible emission contributed by
each WLS emission mode to the illumination function.
The composite model assumes there are three VUV wavelength shifting contributions (nws =
3) in addition to the two Ar∗2 decays. That makes 12 parameters in this model. Emission from TPB
through a fast ∼1 ns component has been detected [21], as have delayed emission components
whose decay constants can reach several microseconds [22]. Since the timing resolution of the
experiment is not capable of precisely measuring the fast component of WLS emission, the decay
constant for the fastest WLS component nws = 1 is set to τws1 = 1 ns for both TPB [21] and bis-
MSB. It is assumed that both organic scintillators have similar fast components. It is also assumed
that all wavelength-shifted photons that contribute to Ik(ti) come from one of the WLS decay
modes, which imposes the normalization condition ∑l fl = 1. With these assumptions, the number
of fit parameters then reduces to 10. Consequently, both the models of Eq. (6.2) and Eq. (7.1) have
the same number of fit parameters.
7.2 Fit Results
The fits to Ik(ti) with the composite model are found in Appendix B. Their χ2/NDF values show
that the composite model fits the illumination functions for the SiPMs as well as Eq. (6.2). As
an example, Fig. 10 shows the composite model fit to the illumination function for SiPM A-1
superposed on its illumination function IA−1. The fit clearly describes the illumination function as
well as the phenomenological model in Fig. 8. This is the expected result since the composite
model recasts the components of the phenomenological model into components associated with
physical processes.
Table 4 gives the mean and standard deviation for the decay constants found for the three
SiPMs on each light guide. The singlet and triplet decay constants, which characterize the decay
of the Ar∗2 dimer, are consistent with those in Table 3. Fitting this model to the 10 SiPMs excluded
from the main analysis yields decay constants consistent with the SiPMs in Table 4. The composite
model also confirms that the ∼6.6 µs component in light guide D makes a negligible contribution
to the illumination function. These results suggest that the intermediate and long components in
both models are due to a complicated delayed response to excitation by VUV photons of the TPB
and bis-MSB embedded in a plastic matrix.
Table 5 shows how the singlet light and the early light are related in the two models. The
second column of the table gives fw1 = 1−( fw2+ fw3), the fraction of the scintillation light radiated
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Figure 10. The illumination function IA−1 observed by SiPM 1 on light guide A. The composite model
is superposed in red. Shown individually are the singlet component in green and the triplet component in
magenta.
Table 4. The mean and standard deviation for the decay constants on each light guide in the composite
model.
Light Guide τS [ns] τT [ns] τw2 [ns] τw3 [ns]
A 4.4± 2.0 1503± 41 132± 11 6658± 1160
B 4.8± 1.1 1536± 40 130± 12 6608± 1039
C 4.7± 1.0 1524± 47 105± 9 7777± 1605
D 8.0± 1.1 1524± 6 131± 7 —
by the fast emission component of the WLS, and the third column gives FS = AS/(AS +AT), the
fraction of singlet light to the total (singlet + triplet) light from LAr scintillation. The last column
Table 5. The relation of the singlet emission to the early light emission in the phenomenolgical model.
Light Guide fw1 FS [%] FE [%] = fw1×FS
A 0.71± 0.02 35.3± 2.5 25.1± 1.9
B 0.70± 0.02 34.0± 2.5 23.8± 1.9
C 0.69± 0.02 39.5± 3.0 27.3± 2.2
D 0.72± 0.03 36.6± 1.8 26.4± 1.7
is the product of fw1 and FS, which equals the early component of the scintillation light FE in
the phenomenological model of Table 3. This table demonstrates that the early component of the
scintillation light in the phenomenological model, which is often identified as the total emission
from the singlet state decays, is actually only about 70% of these decays. The remaining 30% is
seen at later times as radiation from the two components with longer decay constants τw2 and τw3
of WLS emission. As in the phenomenological model, light guide D exhibits a fast component
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with a longer lifetime of 8 ns, which suggests an additional delayed response from the interaction
of TPB with polystyrene. Such a response has been reported with a lifetime of 8-16 ns [20].
While this substructure could not be distinguished with the time resolution of this experiment, a
preliminary study that simply fixed τw3 = 12 ns resulted in a fit that recovered τS ≈ 5 ns. Without
a more accurate description of the non-exponential response of TPB and bis-MSB, however, and
their interaction with acrylic and polystyrene, these delayed components cannot be more precisely
determined by this study.
8. Discussion
Table 6 summarizes several results from the fits to the illumination function. The phenomenological
parameter τL and the composite model parameter τT are the constants characterizing the decay of
the triplet state of the Ar∗2 dimer. This is the first direct measurement of τT for cosmic-ray muons.
The triplet state decay constant for LAr has been been found to fall in the range τT = 1.2−1.6 µs
for electrons [1, 2, 6, 5, 16, 17]. The value of τT = 1.52 µs found in this investigation fits well
Table 6. Model Comparisons and the Computation of the Prompt Fraction of Scintillation Light
Light 4-Component Model Composite Model
Guide Technology τL [ns] FE [%] τT [ns] FS [%] Fprompt
A acrylic, dipped 1517 25.0 1503 35.3 0.31
TPB
B acrylic, dipped 1528 23.6 1536 34.0 0.29
bis-MSB
C acrylic, doped 1527 27.1 1524 39.5 0.33
bis-MSB
D poly, doped 1524 25.8 1524 36.6 0.35
TPB
mean ± st.dev. 1524 ± 5 25.4 ± 1.5 1522 ± 13 36.4 ± 2.4 0.32 ± 0.03
within the range for electrons and is consistent with the picture of electrons and muons exciting
LAr similarly. However, the e− measurements found in the literature for the most part do not have
overlapping error bars. Possible explanations for this wide range include error limits that were
underestimated in some studies and/or improper corrections for contaminants.
This investigation shows that the identification of the “early” light component in the phe-
nomenological model with the total light from singlet decays is an underestimate. From the values
of FE and FS in the table, approximately 30% of the singlet light is emitted by the WLS through
processes with long decay constants. An indirect measurement of the fraction of early light for
cosmic-ray muons in LAr has been reported by ICARUS [23]. In that experiment, the fraction of
early light was found to be 0.24 ± 0.08, which matches well with FE in Table 6. There are several
parameters in the literature other than FE that have been used to characterize the early light. These
can be computed using Tables 7–10.
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The parameter FE, however, is often not what experiments measure. Dark matter experiments,
for example, use the parameter Fprompt, the fraction of light coming in a short time window after
the trigger compared with the light in the total recorded waveform, to distinguish β ’s from nuclear
recoils and α’s [2, 24, 16, 25, 26]. This parameter has also been used to separate muons from more
heavily ionizing α’s [1, 16, 27].
The model fits to the illumination functions can be used to estimate Fprompt for cosmic-ray
muons by computing Eq. (5.3) over the experiment’s short time window in the numerator and
again over the total waveform in the denominator. Since the response function and time windows
for every experiment are different, Fprompt is clearly experiment dependent. Here a simplified cal-
culation for this experiment is presented in Table 6 in which the measurements are made with an
ideal detector with δ -function response, a short “early” time window of length t∗, and a long time
window for the total waveform of length t f . Then the calculation of Fprompt simplifies to
Fprompt =
∫ t∗
0 I
k(t)dt∫ t f
0 Ik(t)dt
≈
n(t∗)
∑
i=1
Ik(ti)/
n(t f )
∑
i=1
Ik(ti), (8.1)
where n(t∗) is the number of time bins spanning t∗ and n(t f ) is the number of time bins spanning
t f . For this experiment, t∗ = 133 ns as in Fig. 3 and n(t∗) = 20; t f = 10 µs and n(t f ) = 1500. The
results for Fprompt in Table 6 are not strongly dependent on the light guide technologies used in this
investigation.
Several dark matter and double β -decay experiments have used Fprompt to discriminate electron
recoil backgrounds from nuclear/nucleus recoils. The values of t∗ and t f for the calculation of
Fprompt were all optimized by the individual experiments. Nevertheless, the values of Fprompt found
in these experiments are consistent with Table 6, suggesting that the prompt fraction is not strongly
dependent on the exact choices for t∗ and t f . This consistency also suggests that the scintillation
emission profiles for electrons and muons in LAr are similar, as expected. Among the experimental
values for electron recoil: Fprompt ∼0.3 (energy dependent, 0.39 at 5 keV and 0.28 at 30 keV) with
t∗ = 50 ns and t f = 9 µs [2]; Fprompt ∼0.3 with t∗ = 90 ns, t f = 7 µs [24]; Fprompt ∼ 0.28−0.29 for
2 MeV betas/γs with t∗ = 40 ns, t f = 6 µs [16]; Fprompt = 0.3 with t∗ = 120 ns and t f = 7 µs [25];
Fprompt = 0.3 with t∗ = 100 ns and t f = 9 µs [26].
Experiments that fit two-component models to the time structure of the LAr scintillation sig-
nals from electrons and muons report values in the range 0.25 – 0.30 for the ratio of “early/late
light” [1, 2, 16]. However, two-component models have been shown to be inadequate in describ-
ing the illumination functions (§6.1). Further, it is not clear how to compute this fraction from
the four-component models presented here. Summing the amplitudes of the long components and
comparing the sum to AE for the phenomenological models gives results in the range 0.31 – 0.39.
9. Summary
This paper reports the results of an experiment to directly measure the time-resolved scintillation
signal from the passage of cosmic-ray muons through liquid argon. Scintillation light from these
muons is of value to studies of weakly-interacting particles in neutrino experiments and dark matter
searches. The experiment took place at the large liquid argon test facility TallBo at Fermilab. The
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experimental apparatus consisted of DUNE prototype photon detector paddles that are made up
of four light guides that capture VUV scintillation photons, convert the photons into the optical,
and then channel them to the SiPM photosensors at one end. The waveforms acquired by the
SiPMs over 10 µs were read out by prototype DUNE electronics. There were several technologies
tested in the PD paddles. The light guides were made of either UVT acrylic or polystyrene. The
waveshifter incorporated into the light guides to convert the VUV scintillation photons was either
TPB or bis-MSB. The photodetectors were SensL SiPMs.
The deconvolution of the detector response function from the waveforms generated by cosmic-
ray muons yields the illumination function, or the time sequence of scintillation photons incident
on the light guides. Two models were presented for the illumination functions, a four-parameter
phenomenological model and a four-component physically-motivated model. Both models find
that the decay of the triplet state of the Ar∗2 dimer to be τT = 1.52 µs. This is the first direct
measurement of τT for cosmic-ray muons and it falls well within the range of measurements for
electrons, making it consistent with the picture of electrons and muons exciting LAr similarly. In
addition, the identification of the early light fraction in the phenomenological model, FE ≈ 25% of
the signal, with the total light from singlet decays is an underestimate. The total fraction of singlet
light is FS ≈ 36%, where the increase over FE is emitted by the WLS through processes with long
decay constants.
The parameter Fprompt is used by dark matter and double β -decay experiments to discriminate
electron recoil backgrounds from nuclear/nucleus recoils. Calculations using both illumination
function models reproduce the typical experimental values ∼0.3 quite well, again suggesting that
the scintillation emission profiles for electrons and muons in LAr are similar. Since the values of
Fprompt measured by these experiments were obtained with many different detector optimizations,
this parameter seems to provide a robust metric for discriminating electrons and muons from more
heavily ionizing particles.
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Appendices
A Phenomenological Model Fit Results
Table 7. Four-component fit results, light guide A.
SiPM A-0 SiPM A-1 SiPM A-2
τE [ns] 3.4± 1.7 4.6± 0.6 5.3± 0.5
τI [ns] 118± 5 126± 5 151± 8
τL [ns] 1523± 21 1498± 24 1488± 25
τ4 [ns] 7498± 826 5963± 539 6515± 648
AE 0.280± 0.022 0.331± 0.029 0.285± 0.019
AI 0.044± 0.001 0.053± 0.002 0.049± 0.002
AL 0.601± 0.011 0.671± 0.016 0.592± 0.012
A4 0.209± 0.006 0.246± 0.012 0.215± 0.009
w [ns] 6.5± 1.0 6.2± 1.2 5.8± 0.8
tm [ns] 24.4± 1.5 23.3± 1.0 22.7± 0.7
χ2/NDF 0.57 0.59 0.67
Table 8. Four-component fit results, light guide B.
SiPM B-0 SiPM B-1 SiPM B-2
τE [ns] 4.8± 0.7 4.9± 0.5 5.1± 0.5
τI [ns] 125± 8 128± 6 138± 7
τL [ns] 1518± 23 1566± 22 1524± 24
τ4 [ns] 6409± 453 7208± 449 6209± 420
AE 0.514± 0.050 0.546± 0.039 0.503± 0.033
AI 0.089± 0.004 0.094± 0.003 0.077± 0.003
AL 1.142± 0.022 1.245± 0.024 1.080± 0.024
A4 0.453± 0.016 0.449± 0.014 0.430± 0.018
w [ns] 5.5± 1.0 5.9± 0.8 6.0± 0.8
tm [ns] 22.2± 1.0 22.3± 0.8 22.8± 0.7
χ2/NDF 0.46 0.47 0.54
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Table 9. Four-component fit results, light guide C.
SiPM C-0 SiPM C-1 SiPM C-2
τE [ns] 5.8± 0.5 4.6± 0.6 4.1± 3.1
τI [ns] 104± 5 92± 3 120± 7
τL [ns] 1515± 31 1507± 22 1551± 27
τ4 [ns] 6160± 594 8441± 938 8732± 1135
AE 0.158± 0.011 0.228± 0.017 0.235± 0.027
AI 0.029± 0.001 0.039± 0.001 0.041± 0.002
AL 0.261± 0.008 0.414± 0.008 0.408± 0.008
A4 0.116± 0.006 0.183± 0.003 0.172± 0.003
w [ns] 5.4± 0.7 5.8± 0.8 5.6± 1.5
tm [ns] 21.7± 0.7 22.1± 0.8 22.4± 2.3
χ2/NDF 0.84 0.72 0.88
Table 10. Three-component fit results, light guide D.
SiPM D-0 SiPM D-1 SiPM D-2
τE [ns] 7.9± 0.4 8.2± 0.6 8.2± 0.9
τI [ns] 139± 4 127± 4 127± 4
τL [ns] 1523± 4 1508± 3 1541± 4
AE 0.418± 0.020 0.472± 0.033 0.403± 0.034
AI 0.153± 0.003 0.162± 0.003 0.148± 0.003
AL 1.082± 0.002 1.198± 0.002 0.957± 0.002
w [ns] 5.3± 0.8 5.5± 1.1 5.6± 1.2
tm [ns] 23.1± 0.6 23.1± 0.8 22.5± 1.0
χ2/NDF 0.81 0.58 0.73
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B Composite Model Fit Results
Table 11. Composite model fit results, light guide A.
SiPM A-0 SiPM A-1 SiPM A-2
τS [ns] 3.3± 1.8 4.6± 0.7 5.2± 0.5
τT [ns] 1523± 21 1498± 24 1488± 25
AS 0.395± 0.025 0.466± 0.031 0.410± 0.020
AT 0.740± 0.007 0.835± 0.007 0.730± 0.006
τw2 [ns] 118± 5 126± 5 151± 8
τw3 [ns] 7498± 808 5963± 519 6512± 650
fw2 0.158± 0.004 0.156± 0.006 0.159± 0.005
fw3 0.129± 0.010 0.133± 0.011 0.145± 0.010
w [ns] 6.3± 1.0 5.9± 1.1 5.5± 0.8
tm [ns] 22.6± 1.5 21.5± 0.9 20.9± 0.7
χ2/NDF 0.57 0.59 0.67
Table 12. Composite model fit results, light guide B.
SiPM B-0 SiPM B-1 SiPM B-2
τS [ns] 4.7± 0.7 4.8± 0.7 5.0± 0.5
τT [ns] 1518± 23 1566± 22 1524± 24
AS 0.747± 0.058 0.785± 0.045 0.717± 0.036
AT 1.449± 0.012 1.547± 0.014 1.370± 0.011
τw2 [ns] 125± 8 128± 6 138± 7
τw3 [ns] 6408± 520 7207± 731 6208± 525
fw2 0.171± 0.005 0.162± 0.004 0.170± 0.006
fw3 0.139± 0.014 0.140± 0.010 0.128± 0.009
w [ns] 5.2± 1.0 5.6± 0.9 5.7± 0.8
tm [ns] 20.3± 1.0 20.4± 0.8 21.0± 0.7
χ2/NDF 0.46 0.47 0.54
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Table 13. Composite model fit results, light guide C.
SiPM C-0 SiPM C-1 SiPM C-2
τS [ns] 5.7± 0.5 4.5± 0.6 4.0± 0.7
τT [ns] 1515± 31 1507± 21 1551± 28
AS 0.230± 0.012 0.333± 0.019 0.344± 0.032
AT 0.334± 0.004 0.531± 0.007 0.513± 0.008
τw2 [ns] 104± 5 92± 3 120± 7
τw3 [ns] 6158± 595 8440± 918 8732± 1174
fw2 0.172± 0.007 0.187± 0.004 0.177± 0.006
fw3 0.136± 0.009 0.128± 0.008 0.135± 0.016
w [ns] 5.1± 0.8 5.5± 0.8 5.4± 1.7
tm [ns] 19.8± 0.8 20.2± 0.8 20.6± 2.7
χ2/NDF 0.84 0.72 0.88
Table 14. Composite model fit results, light guide D.
SiPM D-0 SiPM D-1 SiPM D-2
τS [ns] 7.8± 0.4 8.1± 0.6 8.2± 0.8
τT [ns] 1523± 4 1508± 3 1541± 4
AS 0.600± 0.019 0.661± 0.032 0.574± 0.032
AT 1.051± 0.003 1.169± 0.003 0.934± 0.003
τw2 [ns] 139± 4 127± 4 127± 4
fw2 [ns] 0.293± 0.011 0.275± 0.015 0.283± 0.018
w [ns] 5.0± 0.8 5.5± 0.8 5.3± 1.2
tm [ns] 21.2± 0.6 20.2± 0.8 20.6± 1.1
χ2/NDF 0.82 0.58 0.73
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